The deformation behavior of wet lignocellulosic fibers was examined by applying a dilute suspension of dyed pulp fibers to a filter paper and then wet pressing the fibers onto glass slides. The geometry of single fiber crossing was determined using light interference and an image analysis computer program. The effects of pulp type, refining, wet pressing, drying and bleaching on the deformation behavior of pulp fibers were explored. The main effect of refining fibers was to reduce the step height for fiber-fiber crossings for both bleached and unbleached pulps by increasing the tendency of the cell wall to collapse and deform. All the pulps and treatments investigated maintained a relatively constant value for the step height/free span ratio.
Introduction
The ability of pulp fibers to deform into a well-bonded network controls the extent to which physical and optical properties of a paper sheet can be realized. Research into the deformation behavior of pulp fibers has generally focused on the flexibility, conformability, compactability, and collapsibility of lignocellulosic fibers. All types of deformation are interrelated and contribute to sheet consolidation and/or the formation of fiber bonds. However, the controlling mechanism for each is not necessarily the same.
Much of the work on fiber deformation has been on the macro-scale, whereby single fibers were deflected in some manner. Early work either treated the fiber as a cantilever (Seborg and Simmonds 1941; Samuelsson 1963) or classified fiber flexibility based on its behavior in a controlled fluid flow (Forgacs and Mason 1958; Robertson et al. 1961) . Later researchers (Tam Doo and Kerekes 1981; Kuhn et al. 1995) utilized capillary tubes to support fibers in various geometries to measure flexibility. All of these methods model the fiber as a simply supported elastic beam and examined each fiber independently from any interactions with other fibers.
Micro-scale methods rely on measurements of fiber deformations with fibers or other objects. Mohlin (1975) first described a technique to measure the conformability of single pulp fibers by measuring the distance required for a fiber to cross over a 60-mm glass fiber. Steadman and Luner (1985) offered the next approach by determining the ''effective fiber flexibility'' of fibers crossing a 25-mm stainless steel wire. Other methods such as the bulk fiber stiffness method of Frolander and Hartler (1970) or the acousto-optical compaction method of Brodeur and Runge (1995) determined fiber deformation by examining the behavior of a paper sheet or wet fiber mat.
Many of the methods presented above have treated the fiber as a linearly elastic beam, expressing the result as the inverse of fiber stiffness, EI, where E is the elastic modulus (N m -2 ) and I is the moment of inertia (m 4 ). Recent work by Waterhouse and Page (2004) has pointed out that this assumption may not be correct. As the span decreases and/or the ratio of bending stiffness to shear rigidity increases, the shear deformation becomes more important. With spans similar to those that occur in a paper sheet, the contribution of shear can dominate.
Most recently, a technique developed by Lowe et al. (2005) modified the Steadman and Luner method by exchanging the underlying stainless steel wire for another pulp fiber. This approach allows fiber deformations to be measured using conditions that realistically simulate conditions that occur in a paper sheet. Work by Lowe et al. (2005) documents that the free span for crossing of an unbleached softwood fiber is dependent on the step height created by the underlying fiber. Moreover, the main effect of refining is to lower the step height, thus providing a shorter free span. This study employs a similar method to rigorously investigate the effect of pulp type, wet pressing and refining on the fiber deformation behavior of softwood and hardwood kraft pulps.
Materials and methods

Sample preparation
Kraft hardwood pulps were provided by a Scandinavian mill. Unbleached never-dried pulp (kappa number 15.1), fully bleached never-dried pulp (ISO brightness 86.3), and fully bleached market pulp samples were collected within 1 h after each relevant unit operation in the mill. An unbleached kraft softwood pulp (kappa number 19.9) was provided by a northern Canadian mill. Upon receipt, pulp samples were exhaustively washed with deionized water and then screened using a Valley Screen with 0.20-mm slot size. Each pulp was then refined in a PFI mill to 300, 1000, 2000, and 4000 revolutions according to Figure 1 Illustration of the optical set-up using an inverted reflected light microscope to observe fiber crossing through a glass slide. Results are presented as mean wSEx.
Tappi (2000) standard T 249 sp-00 with a beating gap of 0.2 mm. After refining, 10 g (oven-dry basis) from each sample was fractionated using a Bauer-McNett classifier with R28 (longs), R35 (medium longs), R48 (medium shorts), and R200 (shorts) screens for hardwood, and R12 (longs), R14 (medium longs), R28 (medium shorts), and R35 (shorts) screens for softwood. Deformability slides were prepared to investigate the effect of bleaching, drying, refining and wet pressing on fiber crossing. Handsheets were made from unfractionated pulp according to Tappi (2002) standard T 205 sp-02 to provide density, tensile, and light-scattering coefficient data for each sample (Table 1) .
Deformability analysis
Approximately 0.25 g OD was weighed from the medium long fiber fraction. Then 5.00 ml of a 0.20 wt.% solution of chlorazol black dye (Sigma-Aldrich, St. Louis, MO, USA) was added to the pulp. The total volume was brought to 25.00 ml with deionized water and then capped. The fiber suspension was thoroughly mixed by shaking and was refrigerated overnight at 48C. The fibers were then exhaustively washed with deionized water in a Buchner funnel until the filtrate was free of color before being suspended in 1000 ml of deionized water for slide preparation. An 18.5-cm-diameter filter paper (VWR, West Chester, PA, USA) was placed onto a wet screen in a Tappi handsheet mold. Once closed, 5000 ml of deionized water and approximately 20 ml of the fiber suspension were top-filled into the mold. The sample was drained onto the filter paper and wet-pressed onto four glass slides for 2 min at 0.34 MPa while backed with wet blotters. For the wet-pressing series, fibers were pressed at levels ranging between 0.012 and 2.100 MPa. The slides were allowed to dry and were kept at 238C and 50% relative humidity before and during imaging.
Images of the crossing of single fibers were acquired with a Leica DM-IRM inverted polarized light microscope (Leica Microsystems Inc., Bannockburn, IL, USA). To allow imaging through a glass slide, a 40= objective with a correction collar was used. A mica sheet was brought into optical contact with the bottom of a glass slide using microscopy immersion oil to increase image contrast (Figure 1 ). Other details of the optical set-up and analysis have been described elsewhere (Lowe et al. 2005) .
Regions of the fiber crossing that are bonded to the glass slide appear dark. A narrow-band filter (ls547"10 nm) allows interference fringes to be observed in the region of non-contact. The step height and shape of the fiber in the free span region can be determined by analyzing the fringe patterns (Lowe et al. 2005) . Measurements were made on the micrographs using Simple PCI 5.3 image analysis software (Compix Inc., Sewickley, PA, USA). Approximately 30-50 fiber crossings were analyzed per condition to calculate average free spans and step heights, along with their standard errors.
Experimental design
A 2 3 factorial design was used to investigate the impact of fiber fraction, refining and wet pressing on the step height/free span ratio for the unbleached hardwood pulp. The experimental design determined the statistical significance of each effect. Deformability slides were prepared with the unbleached neverdried hardwood pulp utilizing the conditions described in Table  2 . The pulp was refined to 300 and 2000 revolutions and then fractionated. The medium long (R35) and short fractions (R200) were reserved for deformability analysis. Slides were prepared as described above, with an additional set pressed at 2.1 MPa. The significance of each factor was determined using JMP 6 (SAS Institute, Cary, NC, USA) statistical analysis software.
Results and discussion
Fiber deformation behavior contributes to most physical and optical properties. The methods described above were used to prepare and analyze micrographs of fiber crossing. Free spans were generally measured along the central axis of each fiber and step heights were determined by analyzing the interference fringe pattern. Figure  2 illustrates the step height (S) and the free span (F) of a fiber crossing. Average values for the free span and step height were calculated for each set of conditions. Figure 3 shows several representative micrographs. Each micrograph was analyzed for step height and free span measurements and the results for unbleached hardwood are shown in Figure 4 . The data scatter is partly due to the natural variation in the deformation behavior of pulp fibers. The linear regression analyses pass through the origin! The regression analysis for each pulp very nearly overlaps! The flexibility of the overlying fiber is largely irrelevant to the formation of fiber crossing. Figure 5a shows the average free span and step height response at each refining level for both hardwood and softwood. The free span/step height ratio remains approximately constant (the data fall along a single line through the origin). Since the free span is not reduced independently of the step height, refining only serves to decrease the step height of the underlying fiber. There is no indication that refining reduces the free span in a fiber crossing by increasing fiber flexibility. Therefore, the major effect of PFI refining on deformation behavior for hardwood kraft pulp is to make the fibers more collapsible, leading to reduced step heights. This is similar to the response observed for a softwood kraft pulp (Lowe et al. 2005) and is therefore relatively insensitive to fiber length. It should be noted that with increased refining, the step height decreases to values lower than would be expected. The cell wall thickness can range from 2.0 to 4.0 mm, which should lead to step heights of at least 4.0 mm. In Figure 5a , there are several occurrences of step heights of -2.0 mm. Lowe et al. (2005) described a similar phenomenon and stated that the underlying fiber is most likely deforming. These results suggest that the cell wall may deform more readily that previously thought and that this deformation behavior increases with PFI refining. Nanko and Ohsawa (1989) have also reported that the cell wall may possess some fluidity, which is consistent with our data. The increased deformability allows fibers to assume a lens shape, which effectively reduces the step height of a fiber crossing. Lens-shaped fibers have been reported in many articles dealing with paper crosssections (Page et al. 1965) .
Effect of refining
Experimental design results
A factorial design was used to investigate the effect of fiber fraction, wet pressing, and refining on the step height/free span ratio for unbleached hardwood pulp. Averages were calculated for each set of conditions and input to JMP to determine the statistical significance of each variable (refining, fiber fraction, and wet pressing). Table 3 summarizes the results of the experimental design. Prob)±t± less than 0.05 is considered statistically significant at the 95% confidence level. Quite unexpectedly, none of the variables had a significant effect on reducing the step height/free span ratio. This result statistically confirms the initial observation of a constant step height/free span ratio for increased refining.
Effect of bleaching, drying, wet pressing on hardwood fiber crossing
Figure 5b shows a comparison between unbleached and bleached never-dried hardwood fibers. While the step height remains virtually the same, reduced free spans at each refining level lower the free span/step height ratio (i.e., the slope of the regression line is reduced). This is in agreement with work carried out by other researchers. It has been demonstrated that never-dried pulps show almost no fiber collapse prior to wet pressing (Page 1967) . Moreover, there is very little difference (;3%) between the transverse elastic modulus of low-yield unbleached and fully bleached kraft pulps (Scallan and Tigerstrom 1992) . Therefore, it was anticipated that two uncollapsed pulps with similar coarseness values (Table  4 ) and a similar transverse elastic modulus would also exhibit a similar amount of fiber collapse with increased refining. Paavilainen (1993) has shown that bleached fibers have higher wet fiber flexibility; hence, bleached fibers will have shorter free spans. Figure 5c shows a comparison between never-dried and dried bleached market pulp. The regression analysis for each pulp very nearly overlaps. For each refining level, the once-dried market pulps fall closer to the origin. The market pulp was pressed and dried prior to being repulped for analysis. Pressing induces fiber collapse (Gorres et al. 1993) . Drying does increase the transverse elastic modulus; however, it can be completely recovered with beating (Scallan and Tigerstrom 1992) , which increases its tendency to collapse upon re-drying (Page 1967) . Therefore, pulp drying reduces the step height via increased fiber collapse without an impact on the free span.
Finally, the impact of wet pressing on step height and free span is presented in Figure 5d . The data fall along a line through the origin, indicating that the flexibility of the overlying fiber is less important than previously thought. As for refining, the wet pressing results indicate that the free span depends only on the step height, which in turn is determined by the deformability of the underlying fiber.
The results taken together are unanticipated. A constant step height/free span ratio implies that the flexibility of the overlying fiber is largely irrelevant to the formation of a fiber crossing. Sheets are densified by pressing or drying via a change in the step height of the underlying fiber.
The step height/free span ratio is constant, regardless of pulp species, refining, bleaching, pulp drying, and wet pressing. All of the step height versus free span plots are straight lines through the origin, which will require further study. Bending as the controlling mode of deformation has previously been dismissed (Waterhouse and Page 2004) . While it has been shown that deformation of the free span is likely controlled by shear (Waterhouse and Page 2004) , it has not been demonstrated that deflection of the free span is controlled by the shear modulus. An extension of the equations developed by Waterhouse and Page (2004) for pure shear to crossing of a wet fiber leads to the following equation:
where d is the deflection or step height, q is the fiber distributed load, L is the free span, G is the shear modulus of the fiber, and A is the cross-sectional area. For shear modulus to control the deflection, the step height should be proportional to the free span squared, which has not been observed. Since neither bending nor shear controls the deflection of the free span, additional factors must be involved in the effects observed.
Conclusion
The main effect of refining was to reduce the step height in fiber crossing for both bleached and unbleached fibers by increasing the tendency of the cell wall to collapse and deform. All the pulps and treatments investigated maintained a relatively constant value for the step height/ free span ratio. This result is quite unexpected and suggests that the deformation behavior of cellulose pulp fibers may be more universal than previously thought. Work is ongoing to further investigate this phenomenon.
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